INTRODUCTION
Research on bio-based polymeric materials has experienced an enormous impulse in the past few decades and future activity in this field is predicted to grow considerably. 1, 2 The main motivations are the reduction on the dependence on non-renewable fossil fuel resources and the palliation of environmental damages associated to the production and post-use handling of fuel-based synthetic plastics. 3 Among bio-based polymers, those obtained from cellulose, the most abundant biopolymer in nature, are the most widely studied. 4 Polyesters are another important group that can be obtained from abundant renewable resources like polysaccharides, vegetable oils and lignin. 5, 6 Aliphatic polyesters became of interest because of their biocompatibility and biodegradability associated to the presence of the hydrolysable ester group. Poly(lactic acid) (PLA) and short-chain poly(hydroxyl alkanoates) (PHAs) like poly(3-hydroxybutyrate) (PHB) are good examples of successful renewable aliphatic polyesters with applications as biodegradable packaging and medical implants. 7 However, much less attention has been paid to mid and long-chain PHAs though poly(ω-hydroxyfatty acid)s poly(ω-OHFA)s are considered to be potential substitutes for polyethylene (PE) adding enhanced thermal stability, biodegradability and capabilities to form composite materials. 8, 9 Two major reasons have been argued to justify such a low interest. First, the lack of practical and cost-effective routes to the obtaining of ω-hydroxyfatty acid monomers (ω-OHFAs) and second, the negative environmental and economic issues involving the organometallic catalysts used in the industrial polycondensation reaction. 10 Both problems seem to have been smoothed out when a commercially viable biotechnological route for the obtaining of ω-OHFAs 11 and the use of affordable and environmentally friendly titanium alkoxide catalysts were implemented. 10, 12, 13 On the other side, and for certain biomedical applications, polymeric materials should be amorphous thermosets to retain its 3D structure and to provide a predictable loss of mechanical properties and a linear degradation at physiological conditions. 14 To develop facile routes to elastomeric biomaterials, the thermal polyesterification without catalyst or coreagents has become a very attractive procedure. 15 Such methodology is also very suitable in fields like is the design of non-toxic protective coatings for food packaging, in which insoluble and infusible materials resisting the extended contact with foodstuff and the sterilization protocols are sought. To make the procedure even more attractive for a large scale production, we have also explored the potential of an easily scalable route consisting in the non-catalyzed polycondensation in molten state directly in air. 16 This method is different from the solid state polymerization (SSP), 17, 18, 19 because no pre-polymer is formed, the reaction temperature is above the melting point and no inert carrier or reduced pressure is used.
Thus, and connecting these issues, i.e. the regained interest in long chain poly(ω-OHFA)s, the convenience of biodegradable amorphous and insoluble thermosets for certain applications and the non-toxicity and economic advantages derived from the non-catalyzed one-step melt-polycondensation, we have studied the modifications of the physicochemical properties of a linear long chain poly(ω-hydroxyl hexadecanoic acid) prepared in air with particular attention to their thermal stability and resistivity to organic solvents. To address this later issue, we have used a mixture of chloroform and methanol, which has proven to be a very effective solvent for long-chain polyhydroxyalkanoates.
EXPERIMENTAL

Materials
16-hydroxyhexadecanoic acid (>98.0%) was purchased from TCI and was used without further purification. Solvents (chloroform and methanol) were ACS-regent quality (Carlo Erba).
Polymer synthesis
Poly(ω-hydroxyl hexadecanoic acid) (poly(ω-OHC16)), were prepared by placing about µm from gravimetric measurements.
Chemical and structural characterization
Infrared data were collected in a FT-IR spectrometer (FT/IR-6200, JASCO). For transmission IR measurements pellets containing about 2 mg of sample and 150 mg of dry KBr were used. Spectra were acquired by accumulating 32 scans using a TGS detector operated at 4 cm -1 resolution. Attenuated Total Reflected (ATR-FTIR) IR spectra were obtained from both sides of the films using a single reflection ATR accessory (MIRacle ATR, PIKE Technologies) coupled to a liquid nitrogen cooled MCT detector. All spectra were recorded in the 4000 to 600 cm -1 range at 4 cm -1 resolution and accumulating 50 scans.
The solid-state 13 C NMR spectra were acquired with a Bruker Avance III HD 400 MHz
Wideboard operating at a frequency of 100.63 MHz using zirconium rotors of 4 mm OD with KEL-F-caps. The direct polarization technique was applied during magic-angle spinning of the rotor at 14 kHz. According to pre-experiments, a 30° 13 C pulse of 1.2 µs and a delay time of 40 s was enough to avoid signal saturation. 300 scans were accumulated and where Ac and Aa are the areas of the crystalline and amorphous peaks. 20 Gel Permeation Chromatography (GPC) measurements were carried out using an Agilent 1260 Infinity quaternary LC system using two PLGel 5m MIXED-C columns at 25°C and a refractive index detector. Dimethyl formamide (DMF) was used to dissolve poly(ω-OHC16) samples and as eluent at 1 mL/min flow rate. The system was calibrated with Agilent EasyVial PS standards. Only the series prepared at 150°C was soluble enough to allow GPC analysis.
Thermal analysis
Differential Scanning Calorimetry (DSC) thermograms were acquired with a DSC Q20
(TA Instruments) from -70 to 150°C under nitrogen flow (50 mL/min) at 10°C/min using nonhermetic aluminum pans. Circular pieces of the films (4 mg) were cut and placed in good contact with the bottom of the pan. The glass transition temperature (T g ) was obtained using the inflection method.
The thermal stability of samples was monitored by means of Thermal Gravimetric Analysis (TGA) with a SDT Q600 TGA/DSC analyzer (TA Instruments). Specimen (10 mg) were heated from RT to 500°C at 5°C/min under either N 2 or synthetic air flow (100 mL/min).
Mechanical characterization
Tensile tests of films were carried out using an MTS Criterion 42 machine equipped with a 50 N load cell and applying a 0.02 N preload. Rectangular uniform pieces (7 mm x 30 mm) and typically 350 m thick were cut and brought to rupture at a constant deformation rate of 0.2 mm/min at room environmental conditions. Stress values were calculated using the specimen cross-section under no applied load. The Young´s modulus was obtained from the slope of the stress-strain curve within the first 1-4% strain range using the built-in software.
Experiments were repeated at least 5 times and parameters averaged to ensure reproducibility.
Solubility assays
Sample solubility was tested in pure solvents such as chloroform, methanol, ethanol, 
RESULTS AND DISCUSSION
Chemical characterization
The free acid groups in a less associated form or in oligomeric units. 23, 24 However, the contribution of carbonyl ester groups perturbed by hydrogen bonding with such free acid molecules or even with trapped residual water molecules cannot be ruled out. 25 The band at 1775 cm -1 is only visible in samples prepared in air and its intensity increases with temperature and reaction time, consequently, it is related to oxidation by- C NMR also displays a sharp peak in the 176.5-177.0 ppm range which is not observed when the polyester is prepared under reduced pressure. Such peak is located between those of the acid and the ester carbonyls and it is assigned to a peroxyester byproduct resulting from the side oxidation reaction ( Figure S4 in Supporting Information). 29 This assignation is supported by another peak at 73 ppm corresponding to the aliphatic carbon contiguous to the peroxy group. As observed in IR spectra, the carbonyl 13 C NMR peak becomes broader as the synthesis temperature is raised, which is considered to be the result of the aforementioned contribution of other residual oxidized species.
Crystallinity of poly(ω-OHC16)s
Wide-angle X-ray diffraction (WAXD) data shows that polyesters prepared from 16-hydroxyhexadecanoic acid by melt-polycondensation under reduced pressure are quite crystalline (see Figure S5 in Supporting Information Figure S1 in Supporting Information) 31 and the solid state 13 C NMR peak at 32.4 ppm corresponding to skeleton methylene groups in all-trans configuration.
32,33
When the synthesis is carried out in air, Figure 3A , the same sharp WAXD peaks at 2θ = 
Solubility and structure
While poly(ω-OHC16) prepared at 150°C was found to be soluble in a suggest the prevalence of a chain-growth rather than a step polymerization mechanism at the preparation conditions used. Thus, in a first stage, the hydroxyacid molecules would react to form low molecular weight ensembles until the progressive increment of the viscosity of the medium reduces diffusion and hinders the further incorporation of monomers and oligomers.
There is no reason to expect a substantial modification of this mechanism by increasing the temperature and thus the formation of high Mw moieties justifying the strong solubility reduction in the 175 and the 200°C series is ruled out.
In molten state and in contact with air, poly(ω-OHC16) formed gets partially oxidized.
When cooled down, linear polymeric chains rearrange into crystalline domains, but the presence of peroxy groups arising from oxidation introduces a lattice mismatch that truncates the process and leads to the formation of an amorphous phase separating the crystalline regions. Figure 5 shows that insolubility is directly correlated with such amorphous phase as calculated from XRD. However, the quantitative analysis of IR and 13 C NMR data demonstrates that the formation of a pure and segregated peroxyester phase itself is not enough to account for the insoluble fractions measured. For instance, the maximum amount of peroxyester groups detected is about 25% while the corresponding insoluble fraction is 81.2%. To address the question about why such a moderate oxidized phase causes such a strong insolubility, we propose a decorating effect in which the peroxyester phase encapsulates amorphous and/or crystalline moieties of the polyester and prevents the solvent attack, Figure 5 . At low oxidation degree, either encapsulation is not fully completed or particles are too small and migrate to the solvent forming a suspension. For that reason the 150°C series shows almost full solubility despite the moderate amorphous fraction detected.
Near surface modification by polycondensation in air
To further investigate the effect of air induced peroxidation on the structure and properties of poly(ω-OHC16), we have used a near surface sensitive IR technique like ATR-FTIR.
In the experimental configuration employed, the ATR-FTIR spectra of ν(C=O) provides information from about a 2.5 µm deep region from the incidence side. Thus, the near surface alteration of both: the air exposed (top) and the air preserved (bottom) sides of the poly(ω-OHC16) film can be independently studied.
Spectra in Figure 6A and in Figure S1 in Supporting Information, show that, in the temperature range studied, the near surface region of the air preserved side (bottom part) is very similar to the bulk. It is a quite crystalline region and contains very little oxidation byproducts. On the opposite face, and in the presence of oxygen, surface oxidation and amorphization are considerable. The evolution of the peroxyester band in both sides, as a function of temperature and reaction time, is displayed in figure 6B . As expected, the oxidation is much more intense on the air exposed side and the low peroxyester content at the air preserved face evidences the low diffusion of oxygen through molten poly(ω-OHC16) bulk. It is also remarkable the strong surface oxidation at 200°C. Therefore, oxidation seems to be restricted to the near surface regions of the film.
On the other hand, it is difficult to obtain cross-sectional structural data on these films. However, when analyzing bulk properties, we did find a good correlation between the width of the ν sym (−CH 2 −) IR peak and the amorphous content (α), Figure 3C . We have transferred such correlation to the near surface region analysis and we consider this parameter to be a suitable indicator for crystallinity. We have used it to verify the direct relationship between the formation of oxidized species and the amorphization process in the near surface regions of poly(ω-OHC16) films, Figure 6C .
Mechanical performances of poly(ω-OHC16)
Semi logarithmic stress-strain curves of the series of poly(ω-OHC16) obtained in air are displayed in Figure 7 . As a reference, samples prepared at 150°C under reduced pressure are brittle with Young´s modulus values around 200 MPa and small fracture strains (6%). When synthesized in air, the brittle behavior is retained though a reduction of the Young´s modulus (150 MPa) and the stress at break (UTS) are observed.
As the preparation temperature and time are raised, the films become more ductile and yield points and strain softening regions are observed. 35 Crystallinity has been proposed as one of the main factors affecting the tensile parameters of polymers, hence the amorphization of the polyester structure is considered to be responsible for such a brittle to ductile transition.
Amorphous regions connecting rigid crystallites withstand high elongations and confer plasticity. Thus, the progressive diminution of the Young´s modulus and the stress at break in the 175°C series are accompanied by the increment of the strain at break. The 200°C series follows the same pattern, i. e. a modulus and UTS reduction, but, surprisingly, it shows very little modification of elongation at break values. To account for this observation, ATR-FTIR data are analyzed ( Figures 6B and 6C ). They reveal an intense amorphization and accumulation of oxidized species at the air-exposed near surface region of samples prepared at 200°C. In this case, we propose a breaking mechanism in which the fracture is initiated at this altered near surface region and then propagated towards the bulk allowing little elongation.
Thermal stability
The thermal degradation of poly (ω-OHC16) is a single step process initiated by the random scission of the C-O bond of the ester group and followed by the fast fragmentation of generated carboxyl (R-(CO)-O•) and alkyl (•R´) radicals. 36 Maximum weight loss rates (T d max )
are around 410°C and do not depend on the atmosphere used for their preparation, table 2.
The onset degradation temperature (T d 5% ) is defined as the temperature at which the initial 5% weight loss is detected and it constitutes a critical value characterizing the thermal stability Table 2 . Thermogravimetric (TGA) and static water contact angle (WCA) data for poly(ω-OHC16) synthesized for 16 h. Graphical abstract
